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that result from gene rearrangements and can also help to identify disease-associated genomic abnormalities 10, 11 . Properly filtered RNA-seq reads can be mined for sequence variants and RNA-editing events with tuned analysis and filtering pipelines 12 (Fig. 1d) . RNA sample preparation. As with all highthroughput sequencing assays, the quality of RNA-seq results depends on the quality of the starting material, method-specific library construction and data processing. Major factors that contribute to quality are (i) the enrichment and homogeneity of the samples, and (ii) the integrity of the recovered RNA. Whereas some experimental protocols are amenable to analyses of mixed populations, the best results are obtained when homogenous cell populations are isolated using a variety of techniques such as cell sorting because the use of mixed samples could lead to the misassembly of transcripts. Total RNA is extracted and its quality should be measured using the Agilent Bioanalyzer RNA integrity number (RIN) 13 to assess the extent of RNA degradation. RNA samples with RINs greater than 8 (out of 10) are suitable for library construction. One to ten micrograms of total RNA is sufficient for robust RNA-seq library construction, and this amount can be extracted from 0.3-3 million primary T cells or B cells. In cases when acquiring cells for at least 10 nanograms of total RNA per sample is challenging (for example, rare cell populations), performing RNA-seq with a few or even single cells requires the use of specially adapted PCR amplification strategies to increase the amount of starting material linearly before or as part of library construction 14 . The quality of highly amplified samples should be monitored by real-time quantitative PCR (QPCR) with of open chromatin regulatory elements such as enhancers and promoters, through characterization of DNase I-hypersensitive regions (DNaseseq) 4, 5 . As regulatory elements that control gene expression can be 1 megabase or farther away from their target promoters, or on another chromosome altogether, the genome-wide mapping of long-range interactions using assays such as carbon-copy chromosome conformation capture (5C) 6 and chromatin interaction analysis by paired-end tag sequencing (ChIA-PET) 7 are becoming increasingly important.
In this Commentary we discuss the experimental design of each of these assays individually before addressing sequencing-related issues that are common to all of them.
RNA-seq
The measurement of RNA expression is a foundation of many experiments done in biomedical research. It is therefore natural that the sequencing of long and short RNA both for quantification and discovery is the most popular functional sequencing assay (Fig. 1a) . Quantification of mRNA transcripts in RNA-seq is performed by calculating values reported in units of reads per kilobase per million mapped reads (RPKM 2 ) with a paired-end fragment equivalent, fragments per kilobase per million reads (FPKM) 8 , also commonly used for each gene (Fig. 1b) . RPKM normalizes for differences in gene size and makes the comparison of genes within the same sample meaningful in terms of molar equivalents (Fig. 1b) . As RNA-seq is not based on predetermined DNA probes to known genes, it is a powerful tool for the discovery of new exons, splice junctions, transcripts and genes 8 as well as new small RNAs 9 (Fig. 1c) . The reads can be used to assemble transcripts T he application of sequencing technologies to answer functional questions in biological systems is now standard. This shift from arraybased assays was spearheaded by the widespread adoption starting in 2007 of chromatin immunoprecipitation (ChIP) coupled with high-throughput sequencing (ChIP-seq) that has made genome-wide, high-resolution mapping of protein DNA-binding highly efficient and affordable with at least ten million mapped sequence tags ('reads') (technical considerations for ChIP-seq are discussed in Kidder et al. 1 ).
However, patterns of protein-DNA binding alone do not account for all changes in gene expression, which is the ultimate goal of many functional studies. It is still necessary to measure global changes in gene expression levels, such as changes in transcription (for example, alternative splicing, promoter use or polyadenylation sites) within the same gene, to characterize the activity of regulatory elements of these genes besides those bound by known factors, and to identify the genes that are affected by distal regulatory elements. As short-read sequencing technologies increased throughput to 20-40 million reads per sequencing run in 2008, it became practical to apply them to transcriptome quantification and transcript discovery by sequencing cDNA derived from RNA (RNA-seq) 2, 3 , which has driven the widespread adoption of functional sequencing. High-throughput sequencing also enabled the genome-wide identification
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Next-generation sequencing technologies need careful design of experiments and evaluation of results to meet field requirements. Here we discuss technical considerations for these high-throughput assays, together with criteria to assess the quality of the results and the necessary validation.
A small amount of reads are observed from the opposite strand at a low level (~1%). Thus, the validity of antisense transcripts on highly expressed genes must be considered carefully.
In addition to conventional work flows of RNA-seq library construction, new methods are being developed to enable scaling up experiments in parallel. One such method is based on the Nextera strategy 18 , which integrates the adaptor sequences into the target cDNA with a transposase, followed by direct PCR amplification to generate the library. The Nextera strategy site strands, especially for de novo transcript discovery 16 . One strategy to preserve strandedness is to ligate adapters in a predetermined direction to the RNA or first-strand cDNA 17 . However, this method is time-consuming, labor-consuming and causes high bias to both 5ʹ and 3ʹ ends of cDNA molecules (these biases are also present in small RNA libraries). A more robust strategy is to integrate a chemical label such as dUTP to the second-strand cDNA and thus make it possible to distinguish the second-strand cDNA from the first strand during library construction 16 . both positive and negative controls to measure distortions caused by this extra amplification. Monitoring can be accomplished by adding known quantities of exogenous transcripts ('spike-ins') to the sample.
Total RNA consists of >90% rRNA as well as considerable amounts of tRNA that are normally not interesting targets for sequencing. There are several strategies to remove rRNA from the total RNA samples to enrich for mRNA. As most mature mRNAs transcribed by RNA polymerase II have a poly(A) tail (although several histone transcripts are well-known exceptions), mRNA can be highly enriched by hybridization capture using oligo(dT) beads. Another benefit of poly(A) selection is to remove immature RNA molecules that are not yet completely processed, and two rounds of selection produce a cleaner result than one round does. An alternate strategy consists of removing the rRNA using hybridization capture with beads bearing sequences complementary to rRNAs and thereby enriching the other RNA molecules in the flow-through. Although the hybridization efficiency is respectable, the potentially higher percentage of rRNA in total RNA samples (5-10%) always makes the remaining rRNA amount a concern for such 'ribo-minus' strategies 15 . Whereas reads from rRNA can be filtered out computationally, reads containing sequencing errors can map to ancient ribosomal repeats, which can mislead downstream analyses to predict a novel transcript. Several strategies can be applied to enrich for small RNAs such as performing size selection through polyacrylamide gel electrophoresis or using commercially available kits designed for this purpose. Small RNA library construction typically involves RNA adaptor ligation to the 5ʹ and 3ʹ end of these molecules before reverse transcription 9 . cDNA synthesis. Nearly all commonly used sequencing technologies require DNA libraries; therefore RNA must be converted into cDNA. Typically, a conventional protocol for synthesis of double-stranded cDNA is used to maximize the efficiency and fidelity of reverse transcription. To ensure even coverage of whole transcripts, RNA is first fragmented to minimize secondary structure formation and to reduce end biases, before first-strand synthesis with random primers 2 . First-strand cDNA synthesis with the oligo(dT) primer, followed by sonication of double-strand cDNA into small fragments, is still used at times. Although priming with oligo(dT) introduces 3ʹ bias, and cDNA fragmentation contributes to both 3ʹ and 5ʹ bias, this strategy is still viable for single-cell RNA-seq assays to obtain enough starting material 14 .
Strand information is particularly helpful for distinguishing overlapping transcripts on oppo- SNVs can serve as markers to quantify allelespecific expression, which provides important clues to assessing the cis-regulatory differences between different haplotypes as well as the occurrence of imprinting or random monoallelic expression 25, 26 . RNA-seq reads can be mined to discover RNA editing events, which are post-transcriptional changes to transcripts that can affect coding sequence or untranslated regions 12 . The challenge here is to identify and filter out genomic variants specific to the sample, but that may not be found in public databases such as dbSNP, as well as to minimize the systematic impact of mismapped reads from uncharacterized splice junctions.
DNase-seq
A well-known characteristic of active DNA elements (promoters, enhancers and even insulators) is that they are more accessible to DNase I digestion than the rest of the genome 28 . DNaseseq is used to measure the global distribution pattern of DNase I cleavage and identify open chromatin associated with active DNA elements. DNase-seq is particularly attractive for discovery of candidate regulatory regions without relying on availability and specificity of antibodies. In this assay, nuclei of samples are isolated and digested with DNase I for a short period of time. The released DNA fragments are isolated and sequenced to identify the DNase I-hypersensitive regions 4 (Fig. 2) . DNase I hypersensitivity assays work reliably only in fresh samples and thus preclude snap-frozen or otherwise fixed samples from consideration. The cell lysis time and the applied concentration of detergent should be optimized to achieve maximal lysis efficiency while still keeping the majority of nuclei intact. The number of recovered nuclei after lysis should be compared with the cell count before treatment; a recovery rate of 80-100% indicates a successful lysis procedure (Fig. 2) .
There are two different strategies to obtain the DNase I-hypersensitive fragments after the isolation of nuclei: either by one DNase I cut 5 or two DNase I cuts 4 . Regardless of the exact method, a critical part of DNase-seq involves fine-tuning the amount of DNase I necessary to cut the hypersensitive regions without overdithen assembled into transcripts and compared to known gene annotations to identify the novel transcripts. Differences in expression are analyzed using one of several statistical methods. A popular RNA-seq analysis pipeline is the combination of Tophat and Cufflinks 19 . Reads are mapped with Tophat and assembled into transcripts with FPKM values using Cufflinks. These transcripts are combined with the reference gene annotations using Cuffmerge and 'differential' gene or transcript expression in multiple conditions or time points is called using Cuffdiff. Published alternatives to Cufflinks include Scripture 20 and RSEM 21 . There are several software packages designed specifically to detect differential gene expression such as edgeR 22 , DESeq 23 and DEGseq 24 , which work from readcount data on existing gene annotations.
Replicates are crucial to estimate the variability within the same condition and between different treatments. Although the use of replicates is optional with some packages, it is required by others and is a necessity for reducing false positives. Biological replicates (different growths of cells processed at different times) are preferred because technical replicates (different lanes of the same library) show little variation. However, there will be systematic variation when comparing the same biological sample sequenced with different RNA-seq protocols, platforms or read lengths, which would justify technical replicates in addition to biological replicates.
Sequence differences from the reference genome in RNA-seq reads can be mined for known single-nucleotide polymorphisms (SNPs) and new single nucleotide variants (SNVs). The identified SNPs and SNVs can serve as markers to quantify allele-specific expression 25, 26 as well as filtered against the reference to characterize potential RNA editing events when a subset of SNVs are not found in the genomic sequence. Deep whole-genome sequencing of an individual genome is the most reliable method of detecting SNVs. However, whole-genome sequencing requires billions of reads to achieve the 100× average coverage of exome sequencing that would lead to acceptable genome-wide coverage in the difficult-tosequence portions of the genome. Searching for explanatory SNVs in RNA-seq data is informative because the most easily understood disease-related mutations are those in the coding sequence of expressed genes, and RNA-seq can result in very high coverage in medium to highly expressed genes that match or exceeds coverage attained with exome sequencing. For example, a gene expressed at 10 RPKM in a RNA-seq sample sequenced to a depth of one hundred million 100-bp mapped reads will have 100× average coverage. RNA-seq reads with one or two mismatches to the reference (or resequenced) provides substantial time and labor savings by eliminating the steps of adaptor ligation and size selection, with the potential downsides of biases at both 5ʹ and 3ʹ ends and the risk of overrepresenting genomic contamination.
It is critical that the distribution of fragment sizes in RNA-seq libraries be tightly controlled and unimodal (shown as a single peak in Agilent Bioanalyzer result; Fig. 1a) , as it is an important parameter for bioinformatic analysis and accurate transcript assembly. A narrow band at 50 base pairs (bp) corresponding to the cDNA sample with ligated adapters using size selection through gel electrophoresis 2 or beads in automated pipelines works best. The distribution of fragment sizes can be checked by Agilent Bioanalyzer before sequencing and should be verified after sequencing computationally. The 5ʹ-and 3ʹ-end biases are common issues that plague RNA-seq samples are caused typically by inappropriate sample preparation, fragmentation, reverse transcription, size selection or adaptor ligation. As poly(A) selection of degraded RNA results in substantial 3ʹ-end bias, samples should be assessed after sequencing for relative evenness of coverage along the length of highly expressed transcripts. RNA-seq samples in which more than 50% of the reads fall on the last 300 bp of annotated genes are too degraded to quantify using standard tools. Analysis. RNA-seq data analysis is more computationally challenging than that for other sequencing-based methods because a considerable fraction of the reads map across splice junctions. As reads become longer, the fraction of reads crossing one or more splice junctions grows. Furthermore, alternative splicing increases the complexity of transcript modeling and quantification. It is easier to do quantification using only known, highquality gene models. However, the search for cell type-specific new isoforms and long noncoding RNAs continues unabated even in well-annotated genomes such as human and mouse. It is critically important to filter transcript-discovery artifacts from genuine novel gene models before combining them with existing gene annotations to more accurately quantify gene expression. One strategy involves filtering new predicted transcript models that have extremely low RPKM (for example, <0.1 RPKM) or extremely high RPKM (>10 5 RPKM) as well as transcripts not found in more than one biological replicate with more sophisticated filtering algorithms in active development.
A variety of programs exist to analyze RNAseq data when a reference genome is available that follow similar overall strategies. Reads are aligned to both the reference genome and across splice junctions. The mapped reads are 804 volume 13 number 9 september 2012 nature immunology c o M M e N TA R y npg Hi-C 34 is a global extension of 3C-based methods that relies on restriction enzymes to fragment formaldehyde-fixed genomic DNA. The sticky DNA ends generated by restriction digestion are repaired to blunt ends, and biotinylated nucleotides are incorporated at the ends of these fragments. After blunt-end ligation, the DNA is sheared by sonication and only the products containing ligation junction fragments are enriched using streptavidin beads. The purified products are subjected to library construction and paired-end sequencing (Fig. 3a) .
The second method, ChIA-PET, is an extension of ChIP-seq that can be used to capture distal interactions mediated by a specific protein of interest 7 . Instead of restriction digestion, a ChIA-PET requires sonication to shear chromatin. The interacting DNA fragments bound by the protein of interest are enriched by ChIP. Biotinylated half linkers (adapters with sticky ends) are ligated to the DNA fragment ends and the juxtaposed chromatin regions are joined together via the sticky ends of the half linkers. The half linkers also contain a recognition site for the type II restriction enzyme MmeI, which control region of the β-globin locus, which is 50 kilobases (kb) away from the genes that it regulates. Some human enhancers are known to be up to a megabase away from their target promoters. This has led to the development of several assays to detect interactions between distal DNA regions, whether they are promoters, enhancers or have any other functional roles.
Direct long-range physical contacts can be detected using chromosome conformation capture (3C) assay 32 . The 3C assay can be used to measure the interaction between two chromatin regions in a 'one-to-one' fashion by detecting PCR products that are present only when two distal, digested regions are ligated together. Several 3C-derived strategies have been introduced that allow higher throughput. The circular chromosome conformation capture (4C) assay is based on divergent primers covering the bait sequence to detect all regions interacting with it 33 . The 5C assay requires probes for thousands of restriction digestion fragments that, in combination, can be used to assay millions of interactions 6 .
In 2009, two strategies to detect the global chromatin interactions were introduced (Fig. 3). gestion. DNA fragments generated by DNase Ihypersensitive digestion are purified by either gel electrophoresis or sucrose gradient ultracentrifugation, and the optimal size-selection ranges are different for the one-cut and two-cut strategies 4, 5 . Size selection before and during library construction directly impacts the representation of both strong and weak DNase I digestion sites. Therefore, quality control using QPCR or Southern blot is important to ensure the enrichment of known open chromatin elements such as the globin locus control region compared to control, non-hypersensitive regions. Samples with greater than 20-fold enrichment between positive and negative control regions should make good libraries. Greater fold enrichment typically correlates with better sample quality.
After read mapping, the background noise resulting from random digestion with DNase I -which is usually much weaker than the signal from authentic DNase I-hypersensitive sitesis removed by comparing the signal at a given location ('bin') to the signals from a large flanking region and the expected background signal intensity based on the false discovery rate. The sharp boundaries of genuine DNase I-hypersensitivity signals between adjacent bins are further dampened with a 'smoothing' function. Software such as F-seq 29 and algorithms such as HotSpot 30 are optimized to work on data from the different protocols for the assessment of DNase I-hypersensitivity and can be used to identify peaks of DNase I hypersensitivity. To correct for the bias in the efficiency of DNase I digestion in different regions with extreme base composition or copy-number variation, a comparison to undigested DNA (similar to what is done for ChIP-seq) should be included to the data analysis 4 .
Bound transcription factors protect their binding sites from digestion, whereas the sequences immediately flanking the binding sites are still accessible to DNase I. Therefore, a current area of active research focuses on the deep sequencing of DNase-seq libraries to reveal the 'footprint' of these factors 5 . Hypersensitive regions and footprints can be mined for sequence motifs using a variety of programs 4 , such as MEME. The identified motifs can also be compared with those from the transcription factor motif databases such as JASPAR and TRANSFAC. These results are often compared to ChIP-seq data for specific factors in the same or related cell types. We refer readers to reference 31 for a discussion of the analysis of candidate regions for cis-regulatory elements.
Long-range interaction assays
One of the best-characterized mammalian longrange acting regulatory elements is the locus Figure 2 DNase-seq work flow. Nuclei are isolated from 10 million cells, and the isolation efficiency can be determined by calculating the ratio of recovered nuclei to the starting cell number. The nuclei are subjected to DNase I digestion for a short time, and the active DNA elements are enriched by size selection. The enrichment efficiency and specificity can be examined by Southern blot or by QPcR on presumed active and inactive regulatory elements. Based on this quality control, the amount of DNase I used can be adjusted to achieve the optimal enrichment of DNase I-hypersensitive sites. sequencing uses the frequency of chimeric ligation between two different half linkers to determine the probability of random ligation 7 .
To confirm new interactions identified with these high-throughput assays, 3C can be performed to analyze specific interacting regions, or an orthogonal assay such as fluorescence in situ hybridization should be used to validate important long-distance (>100 kb) or interchromosomal interactions. Software for analysis of data from long-range interaction assays is still under active development, including a method for Hi-C data normalization 37 and a ChIA-PET analysis pipeline 38 .
Common sequencing considerations
Library complexity is an important determinant of result quality, and it is mainly affected by the amount of starting material going into the assay and the amount of recovered DNA after the assay. Sequencing library construction of RNAseq and DNase-seq samples typically uses one or more size-selection steps. These size-selection steps are critical because enrichment efficiency, which is usually affected by the selected sample size range, needs to be balanced with the amount of DNA recovered. Libraries with good enrichment but too little DNA (typically less than 1 nanogram) may have complexity issues that do not yield more than a few million distinct reads. High number of PCR cycles during the amplification step of library construction will lower library complexity. A helpful quality control assay is QPCR using the isolated material such as DNase I-treated fragments 39 before library tion and blunt-end ligation are important for efficiency of the detection. The success of the digestion and the extent of blunt-end ligation are evaluated by a carefully designed PCR digestion control assay 34 . ChIA-PET results are affected by the size of fragments after sonication and the efficiency of crosslinking. The size range requirement for the sonication step for a ChIA-PET sample is larger than the normal size range for ChIP-seq analysis of the same factor and needs careful optimization.
Ligation is performed in all long-range interaction assays under conditions of extremely low DNA concentrations to reduce nonspecific ligation events. For 3C, 4C, 5C and Hi-C, the restriction enzyme digestion is performed under optimized SDS concentrations, which helps to remove proteins not directly crosslinked to DNA and reduce the random ligation background 34 . Recently, a modified version of Hi-C named tethered conformation capture (TCC) has been reported 36 in which proteins mediating long-range DNA interaction are biotinylated, and these protein-DNA complexes are immobilized at low surface density on streptavidin beads. The interacting DNA fragments are ligated on this solid surface instead of in solution (Fig. 3a) , and this modification has been shown to substantially reduce nonspecific random ligation. Therefore, TCC enhances the detection fidelity for interchromosomal interactions, which usually have much lower signal intensities and are masked by high background noise from nonspecific ligation. In contrast, ChIA-PET cuts 20 bp downstream of its recognition site. Therefore, after MmeI digestion, the ends of the two interacting regions, called paired-end tags will be released with the ligated half linkers. The paired-end tags with the biotinylated half linkers are isolated using streptavidin beads and processed into a library for paired-end sequencing (Fig. 3b) .
Hi-C requires much less starting material (usually one-fifth to one-tenth of that for ChIA-PET), can be used to detect potentially all interactions mediated by different protein factors and is easier to perform than ChIA-PET. However, Hi-C is limited by the availability of restriction sites and its resolution suffers in mammalian genomes: 1 megabase with ten million reads 34 and 50-100 kb when using at least one billion reads 35 . ChIA-PET generates much higher resolution chromatin interaction maps, down to 1-10-kb scale from just tens of million reads 7 , but the quality of the antibody strongly affects the outcome of the assay, and the assay can be difficult to optimize. The large amount of starting material (>100 million cells) makes ChIA-PET impractical for the analysis of rare cell populations.
Major concerns for all long-range chromatin interaction assays are maximizing the detection efficiency of genuine interactions while minimizing the frequency of nonspecific random ligations between unrelated DNA fragments. For 4C and 5C, the restriction enzyme, bait sequence and probes need to be carefully selected to enhance assay efficacy 6, 33 . For Hi-C, the completeness of restriction enzyme diges- 
